Two "end-off" compartmental ligands, 2-formyl-4-chloro-6-N-ethylmorpholine-iminomethylphenol (HL1) and 2-formyl-4-methyl-6-N-ethylpyrrolidine-iminomethyl-phenol (HL2) have been designed and three complexes of Mn(II), one Mono-, one di-and other polynuclear, namely (2), and [Mn 2 (L2)(OAc) 2 (dca)] n (3) have been synthesized and structurally characterized. Variable temperature magnetic study of 2 and 3 have been performed and data analyses reveal that Mn centers are antiferromagetic coupled with J = -9.15 cm -1 and J = -46.89, respectively. Catecholase activity of all the complexes have been investigated using 3,5-di-tert-butyl catechol (3,5-DTBC). All are highly active with activity order on the basis of k cat value is 2>1>3. In order to unveil whether metal centered redox participation or radical pathway is responsible for the catecholase-like activity of the complexes detailed EPR and cyclic voltametric (CV) study have been performed. In addition to six line EPR spectrum characteristic to Mn(II) an additional peak at g~2 is observed when the EPR study is done with the mixture of 3,5-DTBC and catalyst, suggesting the formation of organic radical
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Introduction
The oxidation of organic substrates by metalloenzymes, that activate molecular oxygen under mild conditions, has received vast deal of concentration in the arena of industrial and synthetic processes. [1] [2] [3] [4] As a result many groups tried to build up the finest model of transition metal complexes able to mimic oxidase activity of metalloenzymes. One of the foremost enzymes that play a key role in these oxidation reactions is catechol oxidase (CO), a lesser well known member of the type-III copper proteins originate in plant tissues and crustaceans. This process, known as catecholase activity, allows to catalyze the oxidation of a wide range of o-diphenols (catechols) to the corresponding o-quinones (Scheme 1). [5] [6] [7] [8] Recently our group has got admirable results while mimicking catecholase activity with phenol based compartmental ligand complexes of Ni(II), 9 Cu(II) 10, 11 and Zn(II) 12 . In this manuscript we widen our work by using manganese, one of the most important trace transition element in biological system being present in numerous metalloenzymes of varied nuclearity. From literature survey, it is possible to recognize that some complexes of Mn(III) 13 , Mn(IV) 14 , and a very few ones of Mn(II) 15 are found to mimic catecholase-like activity, and these derivatives were generally made up from salen-type Schiff bases, tripodal ,and pyridine-containing ligands etc, while phenol based compartmental ligands have been very rarely used. Our earlier studies with Mn(III) discloses metal-centered redox participation as a most probable pathway for the catecholase activity of the model compounds. In case of Mn(II) complexes 15 although we found excellent catalytic activities but failed to evaluate the plausible catalytic mechanism. That failure inspires us to synthesize new Mn (II) complexes to explore that untouched arena of catecholase activity study and thereby to unveil the most probable mechanistic pathway. In order to reach to our goal the ligands of our choice in the present study are two phenol based compartmental ligands, namely 2-formyl-4-chloro-6-Nethylmorpholine-iminomethyl-phenol (HL1) and 2-formyl-4-methyl-6-N-ethylpyrrolidineiminomethyl-phenol (HL2 (3) , structurally characterized them and have studied their catecholaselike activity in DMSO solvent with 3,5-di-tert-butylcatechol (3,5-DTBC) as substrate. EPR and cyclic voltametric study help us to understand the origin of the catecholase-like activity of our Mn(II) complexes. Variable temperature magnetic study on complexes 2 and 3 has also been performed since the compounds of phenol based compartmental ligands are well known for their stimulating magnetic properties. [16] [17] [18] [19] This examination of magnetic properties of such compounds helps not only in further understanding the relations between magnetic coupling centers in metalloproteins and enzymes, but also to extend the knowledge of molecular magnetism.
Scheme. 1 Reaction Pathway of the Oxidation Catalyzed by CO.
HL1 HL2
Fig. for complex 2 and 3 respectively) Mn(II) in all complexes is in high spin state.
Crystal Structure Descriptions
The crystal structure analysis showed the formation of a mononuclear neutral species,
[Mn(HL1)(SCN) 2 (H 2 O)], due to the protonation of one of the imine nitrogen atoms. An ORTEP drawing is depicted in Figure 1 , and a selection of coordination bond distances and angles is reported in Table 1 . The metal is chelated by ligand HL1 through the phenoxo oxygen atom, the The structural analysis revealed that compound 2 is a dinuclear cationic species and the unit cell contains two independent complexes located on a crystallographic mirror plane, normal to the phenolato ring plane passing in between the manganese atoms, beside a BPh 4 anion. An ORTEP view of one of the two the µ-phenoxo-di-µ-acetato-dimanganese(II) complex with atom labeling scheme of independent atoms is shown in Fig. 4 . In both species the metal ions exhibit a distorted trigonal bipyramidal coordination sphere comprising in the equatorial plane the imine nitrogen donor N1 and acetate oxygens O2 and O3, while the phenoxido-bridged oxygen O1, and morpholine amine nitrogen N2 occupy the axial positions (N4, O5, O6 and O4, N5 are the corresponding atoms in the second complex). The Mn-O and Mn-N bond distances reported in 
93.10 ( Table 3 . Coordination bond lengths (Å) and angles (°) for complex 3
atom N(7)' at x−1,y,z.
Fig. 5
ORTEP drawing (ellipsoid probability at 30%) with atom labels of the crystallographic independent unit of compound 3. 
Catecholase-Like Activity:
Catechol oxidase, a type-3 copper protein can bind oxygen reversibly at room temperature and so it can be used to oxidize catechols to respective quinones. As a model of the enzyme here we have taken the three complexes of Mn(II). In order to mimic the functional property of the model compounds the most widely accepted substrate is 3, 5-di-tert-butylcatechol (3,5-DTBC) since its reduction potential for the quinone-catechol couple is low which makes it easy to be oxidized to the corresponding quinone, 3, 5-di-tert-butyl-o-benzoquinone (3, 5-DTBQ) and at the same time due to presence of bulky substituents further oxidation and polymerization are stopped.
Interestingly, all of the complexes exhibit extensive catalytic competence towards the oxidation of 3,5-DTBC to 3,5-DTBQ in the solvent DMSO. Moreover, the complex 2, a binuclear Mn(II)
Schiff base complex which shows a good catalytic efficiency towards the oxidation of catechols is the first reported di nuclear Mn(II) catalyst derived from compartmental Schiff base ligand .
Before going on into detailed kinetic study we have checked the ability of the complexes to mimic the active site of catechol oxidase by treating 1×10 -4 mol dm Table 4 and in Table S1 . From the data presented in Table 4 it may be inferred that the catalytic efficiency of our present Mn(II) complexes is comparable with highly active Mn based catalysts reported till date. 
Mechanistic interpretation on catecholase activity exhibited by the complexes.
Earlier our group tried to explore the origin of Catecholase like activity exhibited by Mn(II) and Mn(III) with Schiff Base ligands. 13b. 15 In case of Mn(III) we are able to prove that the origin of the activity was related to metal center Redox participation, where Mn(III) underwent reduction to Mn(II) with concomitant oxidation of catechol to quinone. However with the case of Mn(II) complex we failed to evaluate the plausible mechanism for the catecholase activity. The oxidation from catechol to quinone may occured via three pathways (i) metal centered reduction,
(ii) ligand centered imine radical formation (iii) phenoxy radical formation in case of phenolic ligands. So in this present work we tried to evaluate the correct pathway with the help of EPR and electrochemical studies. As the three complexes are of same kind we selected the dinuclear one (2) as a model for EPR spectroscopic analysis. For this, we have prepared a 1:100 mixture of complex 2 and 3,5-DTBC (10 −1 M) in DMSO solvent and recorded the EPR spectra within 2 min of mixing. A characteristic six line EPR spectrum (Fig. 11) corroborates the Mn (II) species when the complex 2 is dissolved in DMSO. An additional sharp peak (g=1.99) (Fig. 12 ) appears after mixing the complex with 3,5-DTBC which indicates the formation of ligand-centered imine radical and that radical formation is most probably responsible for the catalytic oxidation of 3,5-DTBC to 3,5-DTBQ in presence of aerial oxygen. We have also performed the EPR experiment at 77 K at power saturation condition to find out any signal at the half-filed but our repeated attempts failed to distinguish any characteristic signal. However, our present EPR study implies that when the Mn(II) complex is mixed with 3,5-DTBC, the ligand part most probably the imine bond of the coordinated ligand undergoes reduction with concomitant oxidation of the catechol to quinone via the formation of semibenzoquinone radical, a similar observation as we found in our earlier study with our Zn complex. Interestingly, when this catalytic oxidation was performed in an inert atmosphere, no 3,5-DTBQ formation was noticed. However, upon exposure of the reaction mixture in dioxygen atmosphere immediately 3,5-DTBQ formation was observed. This observation indeed indicates that dioxygen is one of the active participants in the catalytic cycle; it converts the semibenzoquinone radical, formed in the first step of catalysis, to the quinone with subsequent regeneration of the catalyst.
Electrochemical Study
All the Mn(II) complexes show an irreversible reduction at −0.72 vs Ag/AgCl, which we tentatively assign to imine reduction of the ligand moiety. On the oxidative side the mononuclear Mn(II) complex exhibits one irreversible oxidation at 0.89 V, which is probably due to oxidation of phenolate to phenoxyl radical. The binuclear complexes show two distinctive oxidation peaks, both the processes being irreversible in nature. For complex 2, the anodic peak potentials are at 0.96 and 1.12 V (Fig. S13) , whereas for 3, the corresponding values are 0.51 and 1.07 V (Fig.   S15 ). We tentatively assign the first anodic peak to Mn(II)/Mn(III) oxidation and second peak to oxidation of phenolate moiety of the ligand. Now we performed the cyclic voltammetic study of the complexes in presence of 3,5-DTBC. All three complexes exhibit nearly similar response and the thus the behavior of complex 1 in presence of 3,5-DTBC is stated here. On addition of 3,5-DTBC to a solution of complex 1 the current height of the imine reduction peak at −0.68V decreases, while a new peak appears at −0.29V may be due to reduction of coordinated semiquinone to catechol. (Fig. 13) On the oxidative side a very strong peak at ~0.8 V corresponds to formation of semiquinone is observed without any signal responsible for the oxidation of Mn(II) to Mn(III) (Fig. S15 and S16) . Thus the cyclic voltammetry data confirms that reduction of the complex during 3,5-DTBC oxidation can take place only at the imine part of the ligand and the metal center is no way involved in this process. 
In these expression, ρ presents the fraction of paramagnetic impurity in the sample, Nα is a temperature independent paramagnetism and the other symbols have their usual meanings. To determine the exchange parameters, χT was fitted using Eq.1 for the range 5-300 K gives the best agreement with the experimental data for J = -9.15 cm The complex 3 is a one-dimensional chain and its magnetic interactions should be expressed using alternating exchange interactions, namely, Mn-J-Mn-J´-Mn-J-Mn-J´-Mn, in which J represents the intradimer exchange interaction via the triple oxygen bridges whereas J´ is the interdimer exchange interaction via dicyanamide bridge in the chain (Fig. 16 ). To take into account the interaction between the dimer entities, the susceptibility can be corrected by the molecular field approximation 20 (Eq. (2) where zJ´ denotes the intra-molecular exchange parameter.
( )
In these expression, z is the number of nearest-neighbouring dimers (in this case z = 2) and J′ accounts for the presence of magnetic interactions between neighboring dimers and the other symbols have their usual meanings. To determine the exchange parameters, χT was fitted using Eq.2 for the range 2-300 K gives the best agreement with the experimental data for J = -46.89cm The overall magnetic behavior of the complex 2 and 3 is dominated by antiferromagnetic interaction between the spin carriers and resembles that of related compounds. [16] [17] [18] [19] Experimental Section Physical methods and materials. 3,5 di-tert-butyl catechol was purchased from Sigma-Aldrich.
Reaction solutions for 3,5-DTBC was prepared according to the standard sterile techniques.
Elemental analyses (carbon, hydrogen, and nitrogen) were performed using a PerkinElmer 240C
analyzer. Infrared spectra (4000−400 cm −1 ) were recorded at 28 °C on a Shimadzu FTIR-8400S
and PerkinElmer Spectrum Express Version 1.03 using KBr pelletsas mediums. UV−visible spectra and kinetic traces were monitored with a Shimadzu UV-2450PC spectrophotometer equipped with multiple cell-holders and thermostat. Magnetic susceptibility measurements over the temperature range 2−300 K was performed at a magnetic field of 0.0750 T using a Quantum Design SQUID MPMSXL-5 magnetometer. Correction for the sample holder, as well as the diamagnetic correction, which was estimated from the Pascal constants. 20 , 21 EPR experiments were performed at liquid nitrogen temperature (77 K) in methanol, using a JEOL JES-FA200 spectrometer at X band (9.13 GHz).
Cyclic voltammetric and DPV measurements were performed by using a CH1106A potentiostat with glassy carbon (GC) as working electrode, Pt-wire as counter electrode and Ag, AgCl/sat KCl as reference electrode. All solutions were purged with dinitrogen prior to measurements.
High-purity N-(2-aminoethyl)-pyrrolidine, N-(2-aminoethyl)morpholine, were purchased from commercial sources (Fluka, Lancaster Chemical Co. Inc., Aldrich) and used as received. The 2,6-diformyl-4-R-phenols (R = methyl,chloro) were prepared according to the literature method. 22 MeOH was dried over CaH 2 for 2 days and then distilled under reduced pressure prior to use. Water used in all physical measurement and experiments was Milli-Q grade. All other chemicals used were of AR grade.
Synthesis of the Complexes.
The following general template synthetic route was adopted for preparing all complexes. A methanolic solution of the manganese salt was added to the ligand solution formed in situ via condensation of 2,6-diformyl-4-R-phenol (where R= methyl, chloro) with the corresponding amines maintaining the same molar ratio. The preparation, composition, and other physicochemical characteristics of all complexes using the template technique are given below.
Syntheses.
[Mn(L1)(SCN) 2 25 In compound 1the coordinated morpholine moiety was found disordered over two positions (occupancies refined at 0.537(6)/0.463(6) with a restrainedgeometry).All the calculations were performed using the WinGX System, Ver 1.80.05. 26 Pertinent crystallographic data and refinement details are summarized in Table 5 . 
Conclusion
Three manganese(II) complexes having different nuclearities, one mono-, one di-and one dinuclear based polynuclear, have been synthesized using two "end-off" compartmental Schiff- 
2>1>3.
In order to unveil the origin of catecholase activity whether related to metal centered redox participation or radical generation we have performed EPR and cyclic voltametric studies.
EPR investigation of the solution of 3,5-DTBC and complex suggests radical formation. Cyclic voltametric study suggests ligand centered reduction rather than the reduction of Mn(II) to Mn(I). It is therefore concluded that catecholase-like activity of the present Mn(II) complexes is following radical pathway as is observed in analogous Zn(II) and Ni(II) complexes.
